We report on optical channel waveguiding in an organic crystalline waveguide produced by direct electron beam patterning. The refractive index profile as a function of the applied electron fluence has been determined by a reflection scan method in the nonlinear optical organic crystal 4-N, N-dimethylamino-4'-N'-methyl-stilbazolium tosylate (DAST). A maximal refractive index reduction of ∆n 1 = −0.3 at a probing wavelength of 633 nm has been measured for an electron fluence of 2.6 mC/cm 2 . Furthermore, a new concept of direct channel waveguide patterning in bulk crystals is presented and waveguiding has been demonstrated in the produced structures by end-fire coupling. Mach-Zehnder modulators have been successfully realized and a first electro-optic modulation at a wavelength of λ = 1.55 µm has been demonstrated therein. halfwave voltage polymeric electro-optic modulators achieved by controlling chromophore shape," Science 288
Introduction
Organic noncentrosymmetric materials have recently attracted much attention for applications in photonic devices because of their almost unlimited design possibilities to tailor the linear and nonlinear optical properties and the fact that the nonlinear active organic molecules, embedded either in a polymer matrix or orderly packed in a crystal, show an almost pure electronic origin of their nonlinearities [1, 2, 3] . Therefore, organic nonlinear optical materials are very interesting and promising for high-speed electro-optic applications in future telecommunication networks. In contrast to the more widely studied electro-optic poled polymers, organic crystals offer the advantages of superior photochemical stability and potentially higher nonlinearities. Furthermore, in organic crystals no thermal relaxation of the chromophores is present since they are embedded in a crystalline structure, whereas poled polymers often tend to lose their electro-optic activity due to thermal relaxation of the oriented chromophores. Nevertheless, thin film growth and processing of organic crystals is still very challenging.
DAST (4-N, N-dimethylamino-4'-N'-methyl-stilbazolium tosylate) is a widely investigated nonlinear optical active organic crystal with high electro-optic coefficients r 11 = 77 ± 8 pm/V at 800 nm and r 11 = 47 ± 8 pm/V at 1535 nm, combined with a low dielectric constant ε 1 = 5.2 [4, 5, 6] . Hence it is a very interesting candidate for high-speed electro-optic applications. Thus different techniques for waveguide fabrication have been investigated in this material, including ion implantation [7] , photobleaching [8, 9] , photolithography [9] , fs laser ablation [10] , graphoepitaxial melt growth [11] and thin film solution growth [12, 13] .
In this work we exploit the process of direct electron beam (e-beam) patterning of DAST. Ebeam direct structuring has already been used to create channel waveguides in silica, in which the refractive index was increased in the exposed area [14, 15] . On the contrary, for the organic nonlinear optical crystal AANP a decrease of the refractive index has been recently observed by e-beam irradiation [16] , but no waveguiding configuration has been suggested yet.
We present our results on channel waveguide patterning in organic nonlinear optical bulk crystals by electron beam exposure, which is offering several advantages over previously reported structuring techniques. Using this method, channel waveguides can be directly patterned in a single process step and the waveguide dimensions can be precisely tailored to attain single mode waveguiding, which is a prerequisite for efficient electro-optic devices. Since no mechanical or chemical etching is required as compared to standard photolithography, the produced channel waveguides have smoother side walls. Furthermore, e-beam exposure offers the benefit In the first part of this work we show that the refractive index of the DAST area irradiated with electrons is reduced and we introduce a simple model that relates the induced refractive index change with the deposited energy of the electrons. Then we propose a new concept of channel waveguide patterning in a single process step in bulk crystals, which is used to successfully realize channel waveguides and Mach-Zehnder modulator structures. Furthermore, a first demonstration of electro-optic modulation in these structures is described.
Electron beam experiments
DAST belongs to the monoclinic point group m [17] . The crystallographic b axis and the dielectric x 2 axis are normal to the mirror plane, and the x 1 axis makes an angle of 5.4 • to the polar a axis in the symmetry plane [8] . The noncentrosymmetric crystal packing is achieved by strong Coulomb interactions between the positively charged, nonlinear optical chromophore stilbazolium and the negatively charged counter ion tosylate, which are shown in Fig. 1 [4] . The samples used in our experiments were grown from supersaturated methanol solution by the temperature-lowering method [17] . The crystals were then cut almost perpendicular to the dielectric axes and the x 1 x 2 surface polished to λ /4 surface quality. The typical sample size was about 7 × 4 × 4 mm 3 with the longest dimension along x 1 . The samples were protected with a 150 nm thick polyvinylacetate (PVAc) layer and then covered with 20 nm Cr in order to prevent the sample from charging up during the electron beam exposure. For direct patterning the structures were exposed with a Raith electron beam system with an electron energy of 30 keV and a relatively low electron current of 0.3 nA to avoid thermal damage of the samples. After the exposure, the Cr layer was removed by Ar + sputtering and the PVAc layer, which protects DAST from Cr indiffusion during the sputtering, is dissolved in toluene.
Refractive index profile induced by e-beam exposure

Model for e-beam exposure
To describe the refractive index change induced by electron beam exposure, we have chosen a model analogous to the one used for H + implanted samples [7] , in which the induced refractive index change was related to the deposited energy of the implanted ions in an organic crystal.
The energy deposition of electrons in DAST was calculated with the Monte Carlo simulation tool for electron trajectory in solids CASINO (www.gel.usherbrooke.ca/casino/). Figure 2 shows the deposited energy per electron G(z) = dE(z)/dz as a function of the electron penetration depth z for an electron energy of 30 keV and a homogeneous e-beam exposure. A maximal energy deposition occurs at a depth of about 7 µm.
The phenomenological relation between the induced refractive index change ∆n and the stored energy is given by [7] ∆n(z) = ∆n max 1 − e where ∆n max is the saturation refractive index change, φ represents the electron fluence, G 0 is a normalization energy and γ an exponential factor. Note that for high electron fluences the expression tends to the saturation refractive index change ∆n max .
Reflection scan measurement method
The parameters ∆n max , G 0 , and γ in Eq. (1) are material depended and were determined with the following experiment. In a first step ten lines of 30 µm width were written with linearly increasing fluences from 0.26 mC/cm 2 up to 2.6 mC/cm 2 . The sample was then polished under a wedge of 1 • in order to increase the spatial resolution in z direction as shown in Fig. 3 . The refractive index at the polished surface was determined by measuring the back reflected light from the sample surface [18] . The refractive index n is related to the intensity reflection coefficient R = I R /I 0 by the Fresnel formula, where I 0 is the incident light intensity and I R the reflected one. For normal incidence n is given by The laser light of a HeNe laser was focused on the sample surface to a beam diameter of less than 5 µm. It was linearly polarized along the dielectric x 1 axis, since the alteration of n 1 is of main interest in order to use the largest electro-optic coefficient r 11 of DAST. The lines were then scanned in η direction with a step size of 8 µm. Since the η and the z axis are related to each other by a simple projection, this measurement yields a depth resolution in z direction of less than 0.2 µm. The back reflected light from the sample surface was deflected by a beam splitter and detected with a photodiode.
Results: Refractive index profile
The measured refractive index profiles indicated by dots for five different fluences are shown in factor γ is equal to 1 and that we are in a low fluence regime for the used fluences of up to 2.6 mC/cm 2 , which means that the argument of the exponential term is φ G(z)/G 0 << 1 and can be consequently linearized, which yields
with c = −0.036 ± 0.001 cm 2 µm/(CeV) at a wavelength of λ = 633 nm. The refractive index change at a certain position is therefore simply proportional to the deposited energy φ G(z), and can be calculated for any exposure parameters in the low fluence regime by considering only one experimental constant c. 
Dispersion of the refractive index change
Since we are mainly interested in waveguiding at telecommunication wavelengths, the dispersion of the proportionality constant c(λ ) is also important. A relation between the microscopic material modification and the resulting refractive index reduction will be derived with help of the Lorentz-Lorenz relation in order to finally calculate c at a wavelength of λ = 1.55 µm.
The refractive index in DAST is reduced after e-beam exposure due to changes of the molecular structure, which leads to a reduction of the molecular polarizability α. The refractive index n ω at a frequency ω is related to the molecular polarizability α(ω) by
where N denotes the number of molecules per volume and f ω = (n 2 ω +2)/3 is the Lorentz local field factor. After exposure, the refractive indexñ ω (z) at depth z is altered due to the fact that some chromophores are modified. Therefore, the refractive indexñ ω is given bỹ
where p is the percentage of unmodified molecules after electron beam exposure andα represents the polarizability of the modified molecules.α can be expressed bỹ
where k ω denotes the percentage of remaining polarizability of the modified molecule. Combining Eqs. (4-6), the percentage of unmodified molecules p(z) at the depth z is given by
Since the percentage of unmodified molecules p(z) is independent of the wavelength, the refractive index profileñ ω ′ (z) at the frequency ω ′ can be calculated with help of the following equationñ
Taking the reasonable assumption that k ω is constant with wavelength, i.e. k ω = k ω ′ , the refractive index profiles at 1.55 µm can be calculated from (8) and the data at 633 nm, which leads to c(λ = 1.55µm)= −0.019 ± 0.001 cm 2 µm/(CeV). In order to estimate the accuracy of this assumption, we calculated the lower limit for c at 1.55 µm by taking the strict condition that the polarizability of the modified molecule is dispersion free, i.e.α(λ = 633 nm) = α(λ = 1.55 µm). Lowering the polarizability of the modified molecules from 50% to 10% of their initial value at the zero frequency limit, the values of the corresponding c parameters were agreeing within 15% to the value obtained by considering k ω = k ω ′ .
Realization of channel waveguides
Concept of channel waveguide patterning
The electrons of the writing beam are scattered in the material and therefore the beam is widened up. This circumstance can be exploited to directly write channel waveguides in a bulk crystal by exposing two lines separated by the waveguide width as depicted in refractive index remains and thus a channel waveguide is formed. The advantage of this configuration is that the waveguide core is mostly in the virgin material, in which the nonlinear and electro-optic properties are the same as in the bulk material.
With the CASINO simulation software the 2 dimensional energy distribution in the target material for an electron beam at a fixed position can be calculated. Subsequently the energy distribution for the configuration shown in Fig. 5 was calculated by overlapping the single beam distributions over the exposed area. Using the relation between the refractive index reduction and the electron fluence obtained in Sections 3 and 4, the two dimensional refractive index cross section was calculated. In integrated optics software OlympIOs with the full vectorial complex bend 2D mode solver. The resulting intensity profiles of the first order and the third order mode are depicted in Fig. 6 (a) and (b), respectively. Whereas the first mode is well confined and has simulated losses below 0.1 dB/cm, the third order mode is leaky with tunneling losses of over 20 dB/cm.
Waveguiding observation
We have produced several channel waveguide structures using fluences of 0.65, 1.3, and 2.6 mC/cm 2 with a line width of L = 4 µm and varying the waveguide core width W = 3, 6, 9 and 12 µm. The x 1 x 3 end-faces were subsequently polished and waveguiding experiments performed by standard end-fire coupling with the setup depicted in Fig. 7(a) . The light was propagating along the x 2 direction and was polarized parallel to x 1 as shown in Fig. 7(b) . Waveguiding was clearly observed for the fluences of 1.3 and 2.6 mC/cm 2 , whereas the structures exposed with the lowest fluence of 0.65 mC/cm 2 were having too large tunneling losses, as confirmed by simulations. In Fig. 7(c) a photograph taken from top is shown and in (d) photographs of the mode profiles taken at the output face of waveguides with core widths of 6, 9, and 12 µm and a fluence of 2.6 mC/cm 2 are depicted. We were not able to efficiently couple light into the waveguides with a core width of W = 3 µm because of the not perfect edge quality.
The waveguide losses were measured by detecting the scattered light from top with a CCD camera and are about 20 dB/cm, which is in contrast to the simulated losses of less than 0.1 dB/cm for the first order modes. We attribute this partly to the edge quality and therefore to a weak coupling efficiency to the first order mode, which is confined closest to the surface, whereas higher order modes are easier to excite, since they are less confined at the sample surface, but they have high tunneling losses, compare also Fig. 6 . Therefore, from top mainly the decay of the higher order modes is observed since most of the energy is coupled into them.
Electro-optic modulation
Mach-Zehnder structures were successfully realized with similar parameters as the channel waveguides. The electron fluence was varied from 1.3 to 2.6 mC/cm 2 at core widths of W = 4, 6 and 8 µm. The line width L was chosen to be 5 µm in order to reduce the tunneling losses into the substrate at the Y-junctions of the structures. A schematic illustration of the Mach-Zehnder geometry is shown in Fig. 8 
Cladding Electrodes Electrodes were patterned subsequent to the electron beam exposure by the following procedure. First, the sample was covered with a SU-8 layer with a thickness of about 2 µm, which was acting as an optical buffer and at the same time as a protecting layer against different solvents used during the electrode structuring process. The electrodes were then patterned in an AZ-5214 photoresist by standard photolithography. After depositing 5 nm Cr and 100 nm Au, the AZ-resist was washed away with acetone.
The electro-optic modulation measurements were performed in the experimental configuration shown in Fig. 9(a) . The light was propagating in x 2 direction and was polarized parallel to the dielectric x 1 axis in order to use the largest electro-optic coefficient of DAST i.e. r 11 = 47 pm/V at 1.55 µm. The phase shift between the two arms is given by [19] of the modulation was about 20% of the output signal. At present, the half wave voltage is still higher than 10V, since the modulator dimensions and the electrode arrangement have not been optimized yet. The electrode spacing was with 20 µm relatively wide, and the effective interaction arm length, where the optical and electric fields were overlapping, was only L o = 0.85 mm long.
Towards single mode waveguides
Single mode characteristics is of importance for electro-optic applications. Some electron beam systems are offering now the possibility to irradiate the sample under an angle. This possibility can be used to produce single mode waveguides in DAST. In Fig. 10 one possible configuration 
Conclusion
In conclusion, we have successfully applied direct electron beam patterning to organic crystalline materials. For the first time, optical channel waveguides and Mach-Zehnder structures in a bulk organic crystal have been produced in a single exposure step by applying a new concept, which is also offering the advantage that the waveguide core is not affected by the electron beam and thus the electro-optic and nonlinear optic properties are therein the same as in the bulk material. Waveguiding has been demonstrated in DAST channel waveguides and Mach-Zehnder modulators structured by using 30 keV e-beam irradiation. In addition, a first electro-optic modulation has been demonstrated in the produced Mach-Zehnder modulators. Therefore, this work gives a new perspective for the use of nonlinear optical organic materials for integrated optics.
The refractive index profile in DAST has been measured as a function of the electron range and the electron fluence in DAST. A reduction of the refractive index n 1 of ∆n 1 = −0.3 at a wavelength of 633 nm has been obtained using an electron fluence of 2.6 mC/cm 2 . Using this data and the 2 dimensional refractive index profile of the channel waveguide, the corresponding mode profiles and losses were determined. Furthermore, a configuration for single mode waveguides in DAST has been proposed which is of importance for future applications.
